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Filopodia are long and thin ﬁnger-like protrusions essential for cell migration. They are formed by parallel actin
bundles tightly packed by cell type and context dependent actin-bundling proteins. Our recent work analyzing the role
of Fascin during tracheal development in Drosophila has shown that Singed (the Drosophila Fascin homolog) acts as a
molecular link between the Branchless (FGF)/Breathless (FGFR) pathway and the actin cytoskeleton. We have reported
that the lack of Singed (Sn) leads to wavy and ﬂaccid ﬁlopodia due to the disorganization of the tracheal actin
cytoskeleton. Here we describe for the ﬁrst time ﬁlopodia breakage in Drosophila, and show that Fascin plays a role in
this event. We propose that actin ﬁlaments in sn mutant ﬁlopodia buckle under membrane pressure due to lower
bending stiffness, eventually undergoing breakage. Both Filopodia buckling and breakage would impair correct cell
navigation and migration.
Filopodia are thin and long finger-like protrusions that con-
tain unipolar parallel filaments of actin, with their barbed-
polymerization ends located at the distal tip of the protrusion.
These filaments are packed by actin-bundling proteins, which
confer stiffness to the actin-bundles. Filopodia typically protrude
from the cellular leading edge and adhere to the substratum or to
other cells.
Filopodial protrusions are essential for navigation and migra-
tion in several types of motile cells, both in health and disease
conditions. They have been described to play 2 main roles. On
the one hand they serve as guiding devices that sense the environ-
ment ahead of the lamellipodium, thus determining the correct
direction of the migration. On the other hand they are able to act
as mechanical devices by adhering to the substratum and generat-
ing and distributing the tension required to pull the cell for-
ward.1,2 These functions confer to the filopodia the ability to
control the activity and morphology of the cell depending on the
extracellular stimuli.3
The exact mechanism of filopodia initiation is still under
discussion. The convergent nucleation model proposes that
filopodia are formed from the so-called L-precursors at the
leading edge of the Arp2/3 branched actin-network of the
lamellipodia.4 Once initially formed, actin-bundling proteins
crosslink the uncapped parallel filaments, and the bundle
elongates by polymerization at its tip, pushing the membrane
forward.5 It has been estimated that to overcome the resistance
imposed by the membrane and protrude some microns from
the cell edge, the bundles need to be formed by at least 10
actin-filaments.2 Filopodia actin-bundles act as effective elastic
rods that hold the constant membrane resistance. From differ-
ent studies it emerged that the kinetics of filopodia growth
depends on the resistance of the cell membrane to be
deformed, the transport of G-actin monomers to the growing
filopodia tip, the actin polymerization rate, and the mechani-
cal buckling of the bundle6 Figure 1.
We have been recently analyzing the role of the major actin-
bundling protein in filopodia, the glomerular Fascin,5 during
Drosophila tracheal (respiratory) system development. The for-
mation of the tracheal system relies on collective cell migration,
cell shape changes, and reorganization of the cells within the
organ. Collective cell migration requires the activity of the FGF/
FGFR pathway (Branchless, Bnl/Breathless, Btl pathway in the
case of Drosophila tracheal formation): the ligand Bnl acts as che-
moattractant and directs the migration of the tracheal cells that
express the receptor Btl.7-9 It was proposed that the high activa-
tion of the pathway at the tip of the branches (where the ligand
signal is received) regulates the migratory behavior of the leading
cells, which in turn pull the stalk cells. However, the mechanism
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by which the activation of the Btl pathway triggers cell migration
was not elucidated.9 We have recently shed light into this aspect
by showing that Drosophila Fascin (named Singed (Sn)), acts as a
molecular link between the Btl pathway and the actin cytoskele-
ton in the trachea.10
We have described that Sn accumulates at high levels at
the tip of the tracheal branches in response to activation by
the Btl pathway and there it regulates branch navigation,
speed of migration, actin-cytoskeleton organization and cell
shape changes. We also found that sn mutant filopodia were
Figure 1. For ﬁgure legend, see page 3.
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extremely bent or wavy, with a flaccid appearance, as seen in
other cell type protrusions,11-15 and that at late stages of
development the number of filopodia in the tip-terminal cells
was decreased. We proposed that Sn tightly packs actin bun-
dles in tracheal filopodia, conferring enough stiffness and sta-
bility to the bundles to push the membrane edge and
correctly migrate forward.10
During the course of our in vivo analysis of filopodial dynam-
ics we observed a striking phenomenon: several filopodia break,
usually during retraction and after undergoing a remarkable
bend. Visual inspection suggested that this phenomenon was
more frequent in sn mutant embryos than in control ones, but
the type of breakage was comparable in both conditions. Quanti-
fications corroborated that the frequency of breakage of filopodia
is significantly much higher in sn mutant embryos than in control
embryos. Typically, we found around 10,65 breaks/hour in sn
mutant dorsal branch tip cells as compared to 1,55 breaks/hour
in the control. After filopodium breakage, the free filopodia rem-
nants end up shrinking into a “ball” of membrane, although this
process takes some time. This shrinking could either reflect the
internal tension under which the filopodium was or, alternatively,
it could reflect an actin treadmilling displaced toward depolymer-
ization. Interestingly the free filopodium, while shrinking, con-
tinues moving (see below).
While there are other possible explanations, we propose that
this filopodial breakage is due, at least in part, to mechanical buck-
ling. Buckling occurs when an applied load, in this case the resis-
tance of the membrane, becomes large enough to unstabilize the
actin-filaments, which will experience a lateral deformation. When
the load exceeds the internal resistance of the rod the breakage or
catastrophe of the structure occurs. The critical force at which the
internal resistance is not enough and buckles the rod depends on
the length and stiffness of the bundle.2 The stiffness is controlled
by the number of filaments and by the nature and concentration
of the actin-bundling proteins.16 Therefore, the type of actin bun-
dling protein in the actin-bundle will determine the type and char-
acteristics of the resulting protrusion.17 For instance, larger and
flexible cross-linking proteins (such as a-actinin) or higher distan-
ces between crosslinkers along the filament generate weakly bun-
dled or loose bundles that buckle at short distances. In our
experimental conditions, the lack of Sn in filopodia would decrease
the stiffness of the filopodia bundles, which would not sustain the
resistance of the cell membrane, inducing filopodial buckle. This
would result in the curved and wavy aspect of filopodia that we
observe. In addition, a minimum concentration of the actin-bun-
dling protein Sn could lead to a decrease of the number of actin
filaments per bundle, which would also favor breakage, in addition
to an excessive membrane resistance in a particular filopodia.
We noticed that the filopodia fracture is more frequent in the
distal part in control embryos (67% distal. n D 9 breaks) but
more frequent in the proximal part in sn mutants (48% distal.
n D 25). This observation could reflect an increased requirement
of sn activity at the base of the filopodia during retraction, where
likely there are more actin filaments and more tightly bundled
than at the tip. This is consistent with observations indicating a
retrograde flow of phospho-/dephosphorylated fascin after filopo-
dia extension.18
To our knowledge this is the first time filopodia breakage is
described in an in vivo system. A recent in vitro analysis on bipo-
lar shaped endothelial human cells migrating over gelatin fibrils
described the rare phenomenon of the fracture of filopodia dur-
ing cell migration.19 They observed that the tip of the filopodia
that will break first tend to cluster, then there is a “necking” pro-
cess and finally the scission occurs, leading to some retraction of
the cell body. In our case, and in agreement with this report,
occasionally we also observe a small “necking” prior to breakage,
which could represent a region in the filopodia with decreased
number of filaments, which would eventually break.
During our in vivo analysis we also noticed cycles of re-
elongation of tracheal filopodia; i.e., after extension, filopodia
start retraction but they are not completely reabsorbed, and
instead they use the same path to elongate again. Previous models
for filopodia dynamics had proposed consecutive steps of initia-
tion, elongation, stasis and retraction. However, recent studies in
human keratinocytes showed that most of their filopodia undergo
at least one re-elongation cycle,18 in which a part of an old filopo-
dia is re-used to elongate a new filopodia. This process is energet-
ically favorable since it allows recycling of actin filaments and
other signaling and scaffolding proteins from a previously exist-
ing filopodia. Thus, our analysis offers an in vivo example of filo-
podia re-elongation, suggesting that this can be a general
mechanism.
Figure 1 (See previous page). Filopodial breakage and re-elongation occur during tracheal tissue morphogenesis. Time-lapse images of in vivo
movies of tip cells from tracheal dorsal branches (DBs) during their approach toward the dorsal midline. (A) Tip cells of a DB of a stage 15 control embryo
projecting stiff and straight ﬁlopodia. We show the rare case of a ﬁlopodium breaking (green arrowheads). During the retraction phase, this long ﬁlopo-
dium ﬁrst bends almost 90 (at 02:07 min) and later breaks in 2 pieces (04:04, magniﬁed in the inset). The freed piece eventually shrinks, the cell body-
attached piece retracts and is reabsorbed (04:15-08:08). Before breakage it is possible to observe the “necking” of the ﬁlopodium (03:53, magniﬁed in
the inset) just where the ﬁlopodium will bend and break. Black arrows show the process of re-elongation. The arrows point to one ﬁlopodium that elon-
gates (01:14 to 02:07), retracts (02:07 to 03:53) and shows a period of stasis (03:53-04:35). Subsequently, instead of being reabsorbed, the ﬁlopodium
elongates again (04:35-05:50) to ﬁnally retract and reabsorb. Note the extension of the lamellipodium toward this re-elongating ﬁlopodium (04:15-
04:35). Also note that this lamellipodium extension continues after the retraction of the marked ﬁlopodium, likely helped by the formation formation of
more ﬁlopodia in the same direction (04:35-08:08). Images were taken every 10s624ms. (B) Tip cells of a DB of a stage 15 sn mutant embryo (snP1.
FBal0035641) show bent ﬁlopodia and very irregular cell edges and cell shapes. We show 3 cases of ﬁlopodia breakage (red, blue and purple arrow-
heads). All ﬁlopodia break during the retraction phase in regions of pronounced bending. The free ﬁlopodia remnant shrinks and the attached ﬁlopodia
retracts toward the cell. Images were taken every 10s627ms. In order to visualize tracheal cells and ﬁlopodia, the Src membrane protein tagged with GFP
is expressed in the tracheal tissue driven by the speciﬁc tracheal driver breathless-Gal4 in both control and sn mutant embryos. Live-time imaging was
performed in a TCS-SP5 Leica confocal microscope HCX PL APO lambda blue 63.0£1.40 Oil UV. Images were imported into Fiji and Photoshop software.
Scale Bar 10 mm, and 2 mm in magniﬁcations. Time is shown in min:sec.
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Analysis in keratinocytes also revealed the formation of filopo-
dial focal complexes (FX) along the filopodia, which are small
but fully organized focal adhesions that adhere to the substrate.
When these FXs are reached by the lamellipodium they enlarge
and give rise to stable focal adhesions (FAs), subsequently driving
force transmission.20 These filopodial adhesions may favor the
re-elongation cycles of filopodia, since after FA formation, the
filopodium is able to re-elongate again, which may in turn pro-
mote faster and more efficient movement of the lamellipo-
dia.18,20 As it is the case in keratinocytes, it remains possible that
tracheal filopodia also contain focal complexes. The presence of
these adhesions could determine the movement of broken filopo-
dia over the substrate, because, as mentioned before, the filopodia
free remnants, while shrinking, continue moving. The presence
of adhesions in tracheal filopodia is also consistent with our
observation of re-elongation cycles, which would promote fast
migration of tracheal cells. In sn mutant conditions, the increase
in filopodial breakage would lead to a decrease of force cell trans-
mission, providing an additional explanation for the observed
slower speed of migration in sn mutant tracheal extension.10
Further work to determine the presence of adhesion complexes
in tracheal filopodia would open new horizons on the in vivo
roles and dynamics of filopodia in cell migration.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.
Acknowledgments
We thank members of the Llimargas and Casanova labs for
helpful discussions and S. Ricardo for critically reading the
manuscript.
Funding
P.O-R. is supported by a FPI fellowship from Ministerio de
Ciencia e Innovacion. This work was supported by funds from
the Ministerio de Ciencia e Innovacion to M.L (BFU2006-
09515/BMC, BFU2009-09041) and from Program Consolider
2007 (CSD2007-00008) project.
References
1. Hashimoto Y, Skacel M, Adams JC. Roles of fascin in
human carcinoma motility and signaling: prospects for
a novel biomarker?. Int J Biochem Cell Biol [Internet]
2005; [cited 2013 Mar 11]; 37:1787-804; Available
from: http://www.ncbi.nlm.nih.gov/pubmed/160023
22; PMID:16002322
2. Mogilner A, Rubinstein B. The physics of filopodial
protrusion. Biophys J [Internet] 2005; [cited 2014
Feb 20]; 89:782-95; Available from: http://www.
pubm-edcentral.nih.gov/articlerender.fcgi?artid=
1366629&tool=pmcentrez&rendertype=abstract;
PMID:15879474
3. Khurana S, George SP. The role of actin bundling pro-
teins in the assembly of filopodia in epithelial cells. Cell
Adh Migr 2011; 5:409-20; PMID:21975550; http://
dx.doi.org/10.4161/cam.5.5.17644
4. Svitkina TM, Bulanova Ea, Chaga OY, Vignjevic DM,
Kojima S, Vasiliev JM, Borisy GG.Mechanism of filopo-
dia initiation by reorganization of a dendritic network. J
Cell Biol [Internet] 2003 [cited 2013 Aug 2]; 160:409-
21; Available from: http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=2172658&tool=pmcentrez&
rendertype=abstract; PMID:12566431; http://dx.
doi.org/10.1083/jcb.200210174
5. Vignjevic D, Kojima S, Aratyn Y, Danciu O, Svitkina
T, Borisy GG. Role of fascin in filopodial protrusion. J
Cell Biol [Internet] 2006; [cited 2013 May 6];
174:863-75; Available from: http://jcb.rupress.org/
content/174/6/863; PMID:16966425; http://dx.doi.
org/10.1083/jcb.200603013
6. Lee JM. The Actin Cytoskeleton and the Regulation of
Cell Migration. Colloq Ser Build Blocks Cell Cell
Struct Funct [Internet] 2013; 1:1-71. Available from:
http://dx.doi.org/10.4199/
C00083ED1V01Y201305BBC005; PMID:24027631
7. Ghabrial A, Luschnig S, Metzstein MM, Krasnow MA.
Branching morphogenesis of the Drosophila tracheal
system. Annu Rev Cell Dev Biol [Internet] 2003; [cited
2014 Mar 12]; 19:623-47; Available from: http://www.
annualreviews.org/doi/abs/10.1146/annurev.cellbio.19.
031403.160043; PMID:14570584; http://dx.doi.org/
10.1146/annurev.cellbio.19.031403.160043
8. Ohshiro T, Emori Y, Saigo K. Ligand-dependent acti-
vation of breathless FGF receptor gene in Drosophila
developing trachea. Mech Dev [Internet] 2002; 114:3-
11; Available from: http://www.ncbi.nlm.nih.gov/
pubmed/12175485; PMID:12175485; http://dx.doi.
org/10.1016/S0925-4773(02)00042-4
9. Ribeiro C, Ebner A, Affolter M. In vivo imaging reveals
different cellular functions for FGF and Dpp signaling
in tracheal branching morphogenesis. Dev Cell [Inter-
net] 2002; 2:677-83; Available from: http://www.ncbi.
nlm.nih.gov/pubmed/12015974; PMID:12015974;
http://dx.doi.org/10.1016/S1534-5807(02)00171-5
10. Okenve-Ramos P, Llimargas M. Fascin links Btl/FGFR
signalling to the actin cytoskeleton during Drosophila
tracheal morphogenesis. Development [Internet] 2014
[cited 2014 Feb 4]; 141:929-39; Available from: http://
dev.biologists.org/content/141/4/929.long; PMID:244
96629; http://dx.doi.org/10.1242/dev.103218
11. Overton J. The fine structure of developing bristles in
wild type and mutant Drosophila melanogaster. J Mor-
phol [Internet] 1967; 122:367-79; Available from:
http://www.ncbi.nlm.nih.gov/pubmed/6050992;
PMID:6050992; http://dx.doi.org/10.1002/jmor.1051
220406
12. Cant K, Knowles BA, Mooseker MS, Cooley L. Dro-
sophila singed, a fascin homolog, is required for actin
bundle formation during oogenesis and bristle exten-
sion. J Cell Biol [Internet] 1994; 125:369-80; Available
from: http://www.pubmedcentral.nih.gov/articleren
der.fcgi?artid=2120035&tool=pmcentrez&rendertype=
abstract; PMID:8163553; http://dx.doi.org/10.1083/
jcb.125.2.369
13. Tilney LG, Tilney MS, Guild GM. F Actin Bundles in
Drosophila bristles I. Two filament cross-links are
involved in bundling. J Cell Biol 1995; 130:629-38;
PMID:7622563; http://dx.doi.org/10.1083/jcb.130.3.
629
14. Zanet J, Stramer B, Millard T, Martin P, Payre F, Plaza
S. Fascin is required for blood cell migration during
Drosophila embryogenesis. Development [Internet]
2009; [cited 2013 Mar 11]; 136:2557-65; Available
from: http://www.ncbi.nlm.nih.gov/pubmed/195925
75; PMID:19592575; http://dx.doi.org/10.1242/
dev.036517
15. Nagel J, Delandre C, Zhang Y, F€orstner F, Moore AW,
Tavosanis G. Fascin controls neuronal class-specific
dendrite arbor morphology. Development [Internet]
2012; [cited 2013 Mar 4]; 139:2999-3009; Available
from: http://www.ncbi.nlm.nih.gov/pubmed/227640
47; PMID:22764047; http://dx.doi.org/10.1242/
dev.077800
16. Claessens MM a E, Bathe M, Frey E, Bausch AR.
Actin-binding proteins sensitively mediate F-actin bun-
dle stiffness. Nat Mater [Internet] 2006; [cited 2014
Mar 22]; 5:748-5; Available from: http://www.ncbi.
nlm.nih.gov/pubmed/16921360; PMID:16921360;
http://dx.doi.org/10.1038/nmat1718
17. Bathe M, Heussinger C, Claessens MM a E, Bausch
AR, Frey E. Cytoskeletal bundle mechanics. Biophys J
[Internet] 2008; [cited 2014 Mar 25]; 94:2955-64;
Available from: http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=2275675&tool=pmcentrez&
rendertype=abstract; PMID:18055529; http://dx.
doi.org/10.1529/biophysj.107.119743
18. Sch€afer C, Faust U, Kirchgeßner N, Merkel R, Hoff-
mann B. The filopodium: a stable structure with highly
regulated repetitive cycles of elongation and persistence
depending on the actin cross-linker fascin. Cell Adh
Migr 2011; 5:431-8; PMID:21975552; http://dx.doi.
org/10.4161/cam.5.5.17400
19. Xue N, Bertulli C, Sadok A, Huang YYS. Dynamics of
filopodium-like protrusion and endothelial cellular
motility on one-dimensional extracellular matrix fibrils.
Interface Focus [Internet] 2014; [cited 2014 Apr 14];
4:20130060; Available from: http://rsfs.royalsociety
publishing.org/content/4/2/20130060.abstract; PMID:
24748955; http://dx.doi.org/10.1098/rsfs.2013.0060
20. Sch€afer C, Borm B, Born S, M€ohl C, Eibl E-M, Hoff-
mann B. One step ahead: role of filopodia in adhesion
formation during cell migration of keratinocytes. Exp
Cell Res [Internet] 2009; [cited 2014 Feb 24]
315:1212-24; Available from: http://www.ncbi.nlm.
nih.gov/pubmed/19100734; PMID:19100734; http://
dx.doi.org/10.1016/j.yexcr.2008.11.008
4 Volume 7 Issue 5Communicative & Integrative Biology
D
ow
nl
oa
de
d 
by
 [C
SI
C]
 at
 05
:03
 30
 O
cto
be
r 2
01
5 
